Metaproteomics is an emerging research area which aims to reveal the functionality of microbial 23 communities -unlike the increasingly popular metagenomics providing insights only on the 24 functional potential. So far, the common approach in metaproteomics has been data-dependent 25 acquisition mass spectrometry (DDA). However, DDA is known to have limited reproducibility and 26 dynamic range with samples of complex microbial composition. To overcome these limitations, we 27 introduce here a novel approach utilizing data-independent acquisition (DIA) mass spectrometry, 28 which has not been applied in metaproteomics of complex samples before. For robust analysis of 29 the data, we introduce an open-source software package diatools, which is freely available at 30 Docker Hub and runs on various operating systems. Our highly reproducible results on laboratory-31 assembled microbial mixtures and human fecal samples support the utility of our approach for 32 functional characterization of complex microbiota. Hence, the approach is expected to 33 dramatically improve our understanding on the role of microbiota in health and disease. 34
comparative metaproteomics studies, in which reliable and reproducible quantification of 48 peptides is crucial. It has been suggested that one possible approach to overcome these 49 limitations is to use data-independent acquisition (DIA) modes of mass spectrometry [6] , such as 50 sequential window acquisition of all theoretical fragment-ion spectra (SWATH) [7] . The DIA 51 techniques combine the advantage of the high throughput of shotgun proteomics with the benefit 52 of the high reproducibility of targeted analysis, such as selective reaction monitoring [7, 8] . 53
However, DIA has not been applied to metaproteomics studies of complex samples before and 54 currently there are no DIA data analysis software that could reliably process the data with the 55 large sequence databases needed for metaproteomics. 56
To this end, we introduce here a DIA approach for metaproteomics together with a software 57 package, named diatools, for analyzing the resulting DIA datasets. The data processing in the 58 diatools package is divided into two major steps: 1) generation of the spectral library from DDA 59 data, and 2) searching spectra from DIA data against the spectral library to identify and quantify 60 peptides in the samples (Fig. 1) . The output is a matrix containing the identified peptides as rows 61 and their intensities for each sample as columns, which can then be further analyzed using various 62 downstream data analysis tools. To ensure easy access to the software environment in a 63 consistent and reproducible way, diatools was implemented as a Docker image, which is freely 64 available at Docker Hub. Further details on the installation and usage of our diatools package are 65 provided in the Methods section and in the software documentation 66 (https://github.com/computationalbiomedicine/diatools). 67
To evaluate the performance of our DIA metaproteomics approach, we first performed liquid 68 chromatography-tandem mass spectrometry (LC-MS/MS) analysis of two mock microbial mixture 69 samples containing eight and twelve different bacterial strains, referred to as 8mix and 12mix 70 samples, respectively. Three technical replicates of both samples were analyzed. Additionally, we 71 assessed six human fecal samples representing samples with a complex microbial composition. 72 DDA data was used to generate the spectral libraries for the DIA data analysis, using the integrated 73 reference catalog of the human gut microbiome [9] as the sequence database (detailed statistics 74 of the spectral libraries are provided in Supplementary Table 1 ). The analysis of the DIA data 75 identified then a total of 5137, 14888 and 12804 unique peptides in the 8mix, 12mix and human 76 fecal samples, respectively ( Supplementary Table 2 ). 77
Comparisons between the three technical replicates in the 8mix and 12mix data suggested that 78 DIA had high reproducibility in terms of both identifications and quantifications when applied to 79 metaproteomics samples ( Fig. 1a-b ). When comparing the overlaps of the identified peptides, 80 more than 96% of the peptides were identified in all the technical replicates for both the 8mix and 81 12mix samples ( Fig. 1a ). Moreover, pairwise correlations between the intensities across the 82 replicates were high (8mix Pearson correlation coefficient r = 0.97, 0.96 and 0.97; 12mix r = 0.96, 83 0.96 and 0.97) ( Fig. 1b and Supplementary Fig. 1 ). 84 5 Also in the more complex human fecal samples, overlaps of the identified peptides across 85 individuals were relatively high with the DIA approach; the median overlap of the identified 86 peptides between sample pairs was 73% (interquartile range IQR 67% -80%) ( Fig. 1c-d ). As a 87 reference, in a recent DDA mass spectrometry gut metaproteome study of 16 healthy individuals 88 over time by Kolmeder and co-workers [10], the intraindividual overlaps over time were 54% (IQR 89 47% -59%) and interindividual overlaps only 30% (IQR 25% -34%) ( Fig. 1d ). While the DIA 90 approach is expected to reduce the problem of undersampling in metaproteomics [5] , it should be 91 noted that the pooled DDA samples used for building the spectral libraries may be affected by 92 peptides that are commonly detected in the sample set. On the other hand, it should be also 93 noted that the DIA data can be easily re-interrogated with updated or totally different spectral 94 libraries, or the spectral libraries can be built for distinct purposes, such as to target specific 95 proteins of interest or to fish out rare microbial proteomes. 96
To investigate the taxonomic characteristics of the peptides, we utilised the annotations of the 97 integrated reference catalog of the human gut microbiome [9] and the lowest common ancestor 98 algorithm (LCA) at phylum and genus levels. At phylum level, 76%, 71% and 47% of all the peptides 99 detected were annotated in the 8mix, 12mix and human samples, respectively ( Fig. 3a , 100 Supplementary Table 2 ). At genus level, 51%, 43% and 28% of the identified peptides could be 101 annotated in the 8mix, 12mix and human fecal samples, respectively ( Fig. 3b , Supplementary Table  102 2). Importantly, only less than 0.1% of all the peptides were incorrectly annotated to phyla that 103 were not in the 8mix and 12mix samples, and only 1% of the peptides were incorrectly annotated 104 to genera not present in the 8mix or 12mix samples. Moreover, while the majority of the peptides 105 of the human fecal samples remained unannotated, the taxonomic composition of the 106 metaproteome was similar to those reported earlier by others [3,10,11]. 107 A major challenge in the taxonomic profiling of complex samples with both DDA and DIA 108 metaproteomics is that different taxa may produce homologous proteins that share many 109 identical tryptic peptides [6, 12] . Therefore, LCA may introduce bias especially at lower taxonomic 110 ranks. For instance, at genera level, taxa that have a large number of unique peptides tend to be 111 overrepresented, while most peptides remain unannotated since they are shared between 112 numerous genera [13] . Accordingly, our results indicate that when the microbial complexity of the 113 sample increased, a lower proportion of the peptides could be annotated using LCA ( Fig. 3a-b , 114 Supplementary Table 2 ). 115
While the peptide-centric nature of bottom-up proteomics makes taxonomic profiling in 116 metaproteomics challenging, the most important aspect of metaproteomics is to provide 117 information on the functions of the microbiota. To investigate the functional characteristics of the 118 peptides, we utilised the annotations of the integrated reference catalog of the human gut 119 microbiome [9] and retrieved for each peptide all KEGG orthologous groups (KOGs) assigned to 120 any of the proteins from which the peptide may have originated. Interestingly, a single KOG could 121 be assigned to the majority of the peptides in all sample sets: 90%, 88% and 87% in the 8mix, 122 12mix and human fecal samples, respectively ( Fig. 3c , Supplementary Table 2 ). This suggests that 123 functional annotations can be assigned at peptide level without the intermediate step of protein 124 inference and, hence, supports the use of peptide-based methods to detect functional differences 125 in metaproteomics to avoid the potential ambiguities caused by protein inference. Similarly, 126 peptide-centric methods have been previously suggested for single-organism proteomics [14] . 127
In the human fecal samples of the present study, the most common KOGs included elongation 128 factors, chaperones, and enzymes involved in glutamate production, glycolysis and butyrogenesis 7 ( Fig. 3d) . These have been reported as typical microbial functions of the human gut microbiota by 130 previous studies as well [10, 11] . 131
In summary, our results demonstrate for the first time that DIA can be applied to metaproteomics 132 of complex samples and the results have good reproducibility. Similar to earlier studies that have 133 used DIA for single-organism proteomics [7,8], a high overlap of identified peptides was observed 134 across samples, enabling convenient downstream analysis of the data. Although the taxonomic 135 profiling in metaproteomics remains challenging, our results suggested that the more important 136 functional characterization of the metaproteomes was enabled by peptide-centric methods, which 137 can avoid ambiguities related to protein inference. For robust analysis of the DIA metaproteomics 138 data, we introduced the diatools software package, which is easy to use and customize for specific 139 needs. The diatools package is the first open-source software specifically intended for DIA 140 metaproteomics data. 141
Methods

142
The diatools software package 143
The diatools software package is designed for automatic analysis of data-independent acquisition 144 (DIA) mass spectrometry data from raw data files to an intensity matrix that contains the 145 identified peptides as rows and their intensities for each sample as columns. In short, diatools first 146 generates a spectral library from data-dependent acquisition (DDA) data and then uses it to 147 identify and quantify peptides from the DIA data automatically. The first step was implemented When developing the software package, we used a single server with 23 cores (Intel Haswell 160 architecture). The available amount of RAM available in the server was 238 GB. In our datasets, 161 the running time was 1 -2 days per dataset. Additionally, we tested that all our datasets can be 162 successfully run with 128GB of RAM. 163
Samples 164
In the present study, two different laboratory-assembled microbial mixtures were used as sample 165 material. Prior to mixing, the bacterial cell counts were equalized to 10 x 10 8 cells / ml using flow cytometry 176 (Bacteria counting kit for FLO, Fisher Scientific) and 1 x 10 8 cells of each isolate were added to the 177 final 8mix or 12mix, respectively. In addition, six human fecal samples from healthy anonymous 178 individuals were analyzed under the permission of the Southwest Finland Hospital District. 179
Protein isolation 180
The protein isolation for the 8mix and 12mix samples was performed using a Barocycler 181 instrument NEP3229 (Pressure BioSciences Inc., South Easton, Easton, Massachusetts, USA), which 182 uses pressure cycles to lyse the cells. From the human fecal samples, the proteins were isolated 183 using the NoviPure Microbial Protein Kit (Qiagen, Hilden, Germany) following the manufacturer's 184
instructions. 185
Protein concentrations were determined using the Bradford method. Fifty µg of protein was used 186 for trypsin digestion. The proteins were reduced with dithiothreitol (DTT) and alkylated with 187 iodoacetamide. For the 8mix samples, pressure-assisted trypsin digestion was performed using the 188 Barocycler instrument NEP3229 according to the manufacturer's instructions. For the 12mix and 189 human fecal samples, the trypsin digestion was performed conventionally in two steps: first 190 trypsin was added in a 1:50 ratio and digested for 4h and then with a 1:30 ratio overnight at 37 °C. 191
After digestion, the peptides were desalted using a SepPak C18 96-well plate (Waters Corporation, 192 Milford, Massachusetts, USA). 193
LC-MS/MS setup for data-dependent and data-independent analyses 194
The LC-ESI-MS/MS analyses were performed on a nanoflow HPLC system (Easy-nLC1200, Thermo 195 
Mass spectrometry data analysis 212
All data analysis steps from the raw DDA and DIA files to peptide intensity matrix were done using 213 the diatools software package. The spectral libraries required for the DIA data analysis were 214 generated separately for each sample type utilizing the data acquired in the DDA mode and two 215 11 ion mass tolerance was set to 10 ppm and fragment ion tolerance to 0.02 Da. The integrated gene 217 catalogue [9] was utilized as the sequence database when performing the peptide to spectrum 218 matching of the DDA data. The false discovery rate (FDR) was set at 1%. 219
The peptides were functionally and taxonomically annotated using the annotations of the 220 integrated reference catalog of the human gut microbiome [9] . For each peptide, annotations of 221 all possible target protein sequences were retrieved. A functional annotation for the peptide was 222 assigned if the annotations of the target proteins were unambiguous. Similarly, a taxonomic 223 annotation for a peptide was assigned at each taxonomic rank when possible using the lowest 224 common ancestor (LCA) algorithm. 225
Statistical analysis 226
The reproducibility of quantification between the technical replicates of the 8mix and 12mix 
